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On the propagation of blobs in the magnetotail: MHD simulations
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[1] Using three-dimensional magnetohydrodynamic (MHD) simulations of the
magnetotail, we investigate the fate of entropy-enhanced localized magnetic flux tubes
(“blobs”). Such flux tubes may be the result of a slippage process that also generates
entropy-depleted flux tubes (‘“bubbles”) or of a rapid localized energy increase, for
instance, from wave absorption. We confirm the expectation that the entropy
enhancement leads to a tailward motion and that the speed and distance traveled into the
tail increase with the entropy enhancement, even though the blobs tend to break up into
pieces. The vorticity on the outside of the blobs twists the magnetic field and generates
field-aligned currents predominantly of region-2 sense (earthward on the dusk side and
tailward on the dawn side), which might provide a possibility for remote identification
from the ground. The breakup, however, leads to more turbulent flow patterns, associated
with opposite vorticity and the generation of region-1 sense field-aligned currents of
lower intensity but approximately equal integrated magnitude.
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Geophys. Res. Space Physics, 118, 5497-5505, doi:10.1002/jgra.50521.

1. Introduction

[2] Entropy-depleted magnetic flux tubes in the mag-
netotail (“bubbles”) [Pontius and Wolf, 1990; Chen and
Wolf, 1993; Birn et al., 2004; Wolf et al., 2009] have been
identified as the major mechanism of earthward transport
of magnetic flux, particles, and energy, closely associated
with fast earthward plasma flows (“bursty bulk flows” or
BBFs) [e.g., Baumjohann et al., 1990; Angelopoulos et al.,
1992, 1994; Sergeev et al., 1996; Schdodel et al., 2001a,
2001b; Petrukovich et al., 2001]. A common measure for the
entropy in approximate equilibrium is the quantity pV? [e.g.,
Wolf et al., 2009], where y = 5/3 is the ratio of specific heats
for an isotropic ideal gas, and

V=/ds/B (1)

is the volume of a magnetic flux tube of unit magnetic flux,
integrated over the length of the flux tube. In nonequilibrium
situations, when the pressure p is not constant on field lines,
it is useful to replace the quantity p"'” V' by [e.g., Birn et al.,
2009]

S= / p"Vds/B )

!'Space Science Institute, Boulder, Colorado, USA.

2Also guest scientist at Los Alamos National Laboratory, Los Alamos,
New Mexico, USA.

3Space Research Institute, Austrian Academy of Sciences, Graz,
Austria.

“NASA/Goddard Space Flight Center, Greenbelt, Maryland, USA.

Corresponding author: J. Birn, Space Science Institute, 4750 Walnut
Street, Suite 205, Boulder, CO 80301, USA. (jbirn@lanl.gov)

©2013. American Geophysical Union. All Rights Reserved.
2169-9380/13/10.1002/jgra.50521

The quantity S is conserved in ideal magnetohydrodynam-
ics (MHD) when losses from the flux tube are negligible.
It becomes a direct measure of entropy when the flux tube
relaxes into equilibrium.

[3] The most plausible cause for depleted flux tubes and
BBFs in the magnetotail is spatially and temporally local-
ized reconnection [e.g., Sergeev et al., 1992; Nagai et al.,
1998; Oieroset et al., 2000; Shay et al., 2003; Forsyth
et al., 2008], which not only severs and ejects some part of
the closed flux tubes as a plasmoid [Hones, 1977] but also
causes a collapse of the shortened flux tubes in the inner
tail and generates fast flows. Potential alternative formation
processes include the loading of flux tubes with preexisting
reduced entropy content, entropy losses to the ionosphere,
or a diffusion/slippage process in the tail [Wolf et al., 2009],
the presumed consequence of current disruption by microin-
stabilities that break the frozen-in condition of ideal MHD
but may not necessarily lead to topological reconnection
[e.g., Lui et al., 1992]. Regardless of the mechanism of loss,
the entropy reduction was found to be crucial in the earth-
ward transport and the depth of penetration to Earth, both
in observations [Yang et al., 2010a; Dubyagin et al., 2011]
and magnetohydrodynamic (MHD) simulations [Birn et al.,
2004, 2009].

[4] As pointed out by Wolf et al. [2009] and Yang et al.
[2010b], a slippage process that causes entropy reduction on
its earthward side should also lead to an entropy enhance-
ment on the tailward side, resulting in the formation of a
“blob” [Pontius and Wolf, 1990]. Yang et al. [2010b] inves-
tigated the evolution of an artificially generated bubble-blob
pair using the Rice Convection Model (RCM-E), based on
the assumption of instantaneous equilibrium. They found
the expected earthward motion of the bubble and tailward
motion of the blob, together with the formation of a thin
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Figure 1. Initial perturbation of (top) pressure and
(bottom) entropy function S along the x axis for 3 differ-
ent values f of temperature enhancement. The dashed lines
indicate an estimate for the propagation distance.

current sheet in between, which they argued should enable
the onset of reconnection. An earthward/tailward moving
pair of bubble and blob was also found in a global MHD
simulation of a substorm, associated with a local stretching
and thinning, which triggered explicit localized resistivity in
the code [Hu et al., 2011; Zhu et al., 2013].

[5s] In these models the formation of a bubble-blob pair
is closely related to a local violation of ideal MHD, result-
ing in entropy diffusion and antidiffusion [Lee et al., 1998].
An alternative mechanism of blob formation might be the
resonant absorption of energy within a particular flux tube.
This mechanism was investigated by Smith et al. [1986]
and Goertz and Smith [1989], who suggested that the catas-
trophic enhancement of the energy absorption of Alfvén
waves in the plasma sheet boundary layer could lead to
sudden local heating and the initiation of substorm onset.

[6] It should be noted that the terminology of entropy-
depleted bubbles and entropy-enhanced blobs, as introduced
by Pontius and Wolf [1990] and now commonly used, is
opposite to that of Goertz and Baumjohann [1991]. Using
an analogy between Lorentz forces and gravity in balancing
pressure gradient forces, the latter would seem more appro-
priate. However, the Pontius-Wolf notation has become
common and will be used here.

[7] In this paper we investigate the consequences of the
formation of a blob in the magnetotail, disregarding the
actual mechanism of formation. Three-dimensional MHD

simulations of bubble propagation have shown that vorticity
near the front of an earthward flow leads to the formation
of a field-aligned current system of region 1 sense (earth-
ward on the dawnward edge, tailward on the duskward edge)
[Birn et al., 2004], consistent with observed near-Earth sig-
natures of flow bursts related to auroral streamers [e.g.,
Fairfield et al., 1999; Lyons et al., 1999; Zesta et al., 2000;
Nakamura et al., 2001a 2001b; Sergeev et al., 2004; Grocott
et al., 2004]. Similar consequences might be expected from
vorticity surrounding a tailward moving blob.

[8] We note here that our approach is based on the approx-
imation of ideal MHD and the conservation of specific
entropy. This approach obviously is questionable when the
formation of a blob is caused by field line slippage from a
violation of the flux conservation of ideal MHD, whereas
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Figure 2. Variation of (top) pressure p, (middle) flux tube
volume ¥, and (bottom) B, along the x axis after 1 Alfvén
time. The dashed lines in Figures 2(middle) and 2(bottom)
represent the initial distributions.
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Figure 3. (top—bottom) Evolution of an entropy-enhanced flux tube with /= 2 in the equatorial plane.
Color shows the entropy integral S defined by (2) and blue arrows represent velocity vectors with a
magnitude above 0.05 (50 km/s). The black contours show the distorted boundary of the initially enhanced
area (dashed line in Figure 3, top) propagated by the flow.

it may be more defensible in the case of a sudden energy
absorption. The reason for this approach is that we deliber-
ately wanted to avoid the onset of tearing or reconnection
to study the properties of a tailward moving flux rope that
remains connected with Earth, as opposed to a detached
plasmoid.

2. Overview of the Numerical Procedure

2.1. Initial State

[9] We use the same initial magnetic field configuration as
in previous studies of earthward propagating bubbles [Birn
et al., 2004]. It is given by a self-consistent two-dimensional
equilibrium [Fuchs and Voigt, 1979; Chen and Wolf, 1999],
through a flux function

A(x,z) = —é sinfae(|z| — 1)] exp(cex) for|z| > 1 3)
Alx,z) = E cos (£z> exp(ax) for|z] <1 “)
with o = 0.0816 and B = V4 x §. A coordinate frame is

used with x negative down tail, y pointing duskward and z
northward. The unperturbed plasma pressure is given by

P =Do for|z| > 1 %)
A2 [ m\2
peme S |(5) | s @

The initial, unperturbed, temperature is assumed uniform
such that the density is proportional to the pressure. A
uniform background density and corresponding pressure,
po = 0.025, are included to keep the density and Alfvén
speed finite in the lobe regions |z| > 1.

[10] We use normalized quantities based on characteris-
tic units, which may be taken in agreement with Chen and
Wolf [1999]: the plasma sheet or current sheet half-width L
(taken as 4 Rg), the magnetic field strength for z = 1 at the
earthward boundary of the simulation box, B, (37.5 nT), and
a characteristic Alfvén speed of 1000 km/s. This leads to a
pressure unit B7//49, and a time unit of ~25's. The box size
is given by 0 > x > —10, |y| < 2,and 0 < |z| < 2, using
(mostly) symmetry around y = 0 and z = 0.

2.2. Code

[11] The blob evolution is obtained by integrating the
dynamic MHD equations, using an explicit finite-difference
scheme [Birn et al., 1996, 2004] with nonuniform grid in z,
such that about 1/2 of the grid points lie within the plasma
sheet. A quasi-viscous term, similar to flux-corrected trans-
port algorithms [e.g., Book et al., 1975] is added to damp
oscillations on the grid scale, and to increase numerical sta-
bility. This algorithm is not used on the magnetic field to
avoid artificial diffusion and reconnection. Energy transport
and conversion are governed by an adiabatic law with a ratio
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Figure 4. Effect of the entropy enhancement on the blob propagation. Color shows the specific entropy,
measured by s = p!/”/p, in the equatorial plane at ¢ = 20 for three different values of f, The black contours

show the distorted boundary as advanced by the flow.

of specific heats y = 5/3. For the runs presented, the number
of grid cells in x, y, and z, were 64, 40, and 64, respectively,
for the full box. By varying the grid size and the time step,
we confirmed that the basic results reported here are not
affected significantly by the spatial or temporal resolution,
as shown in Appendix A. Frozen-in (v = 0) boundary con-
ditions were used at x = 0 and |y| = Ymax, 2| = Zmax With Von
Neumann conditions (3/dn = 0) for density and pressure,
whereas a free-outflow condition was imposed at x = —10.

3. Initiation

[12] The evolution is initiated by a perturbation consisting
of a temperature (and pressure) enhancement by a factor f
of 1.5-3 on a flux tube defined by unperturbed pressure val-
ues 0.375 < p < 0.425, crossing z = 0 between x = —1.3
and x = -2.2, with |y| < 0.2. Figures 1(top) and 1(bottom)
show the initial pressure and the entropy function (2) along
the x axis for three different values of f. The dashed lines
in Figure 1(bottom) represent the locations where the unper-
turbed value of S matches that of the maximum within the
blob, providing an estimate for the expected travel distance.

[13] The initial pressure enhancement results in a force
imbalance of the enriched flux tube with the surrounding

medium. As demonstrated by Figure 2, this becomes adjust-
ed within approximately 1 Alfvén time, such that the pres-
sure approaches the neighboring unperturbed pressure. Due
to the conservation of entropy (2), the flux tube volume V'
increases in the perturbed flux tube, and correspondingly,
the magnetic field at the equatorial plane decreases. The
pressure reduction also leads to a density and temperature
reduction, although the temperature remains increased above
that of the surrounding medium.

4. Blob Propagation

[14] Figure 3 shows the propagation of a blob in the
equatorial plane for an initial temperature enhancement by
a factor f = 2. Color shows the entropy integral S in
the x,y plane, together with velocity vectors (blue arrows)
with a magnitude above 0.05 (80 km/s). Black contours
show the distorted boundary of the initially enhanced area
(Figure 3,top) as propagated by the flow. The tailward
motion of the blob generates twin vortices, which distort the
initial cross section and eventually cause a breakup of the
blob into two parts off the midnight plane. These parts con-
tinue the tailward motion while the central part stops and
even moves back slightly earthward.
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Figure 5. Propagation of the front (solid lines) and center
(dashed lines) of blobs as function of time for three different
values of f.

[15] The tailward motion, speed and distance of propa-
gation, depend strongly on the amount of entropy enhance-
ment. This is demonstrated by Figure 4, which shows the
specific entropy, measured by s = p’¥/p, in the equatorial
plane at + = 20 for three different values of initial temper-
ature enhancement f. Black contours again show the prop-
agated distorted boundary of the initial blob cross section.
Figure 4 shows that the speed and distance traveled increase
with the amount of entropy enhancement. Furthermore, the
winding and the associated distortions by the vortical flow

f=158

also increase with the amount of entropy enhancement.
Ideally, the regions of enhanced specific entropy should be
confined within the distorted boundaries. However, there is
some entropy diffusion resulting from the finite grid resolu-
tion, which does not resolve the finely wound-up structure.

[16] Figure 5 demonstrates the propagation of the front
and center of the blobs for three different values of /. The
solid lines represent the farthest distance in |x| of a blob
part, obtained from the distorted boundaries, and the dashed
lines the distance at y = 0. The central portion comes to
rest after about 10 Alfvén times, whereas the outer portions
travel to distances commensurate with those estimated from
Figure 1(bottom) on the basis of entropy balance with the
surrounding unperturbed medium.

5. Field-Aligned Currents

[17] The vortex motion illustrated in Figure 3 indicates a
twisting of the associated magnetic flux tubes, which should
lead to a build-up of field-aligned currents. This is con-
firmed by evaluating J) at the near-Earth boundary. Figure 6
shows the x component of Jj (which is almost identical to
Jj) for two values of f at three different times. Red color
corresponds to earthward and blue color to tailward directed
currents. The dominant structure thus represents region-2
type currents as expected from the vortical motion. How-
ever, on the outside of the main currents, there are also
currents of opposite sense (region-1 type), which tend to
become stronger at later times. The more strongly enriched
flux tube (' = 3) even shows a breakup of the field-aligned
currents into multiple systems at # = 30, presumably associ-
ated with a more turbulent breakup of the flows surrounding
the blob.

[18] The rise of the maximum and the total integrated
field-aligned currents of region-1 and region-2 type is

=30

Figure 6. Field-aligned currents J), (color) at the inner boundary x = 0 for two cases of entropy enhance-
ments with (left) f= 1.5 and (right) /= 3.0 for three different times. The black contours outline the cross

section of the flux tube with enhanced entropy.
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Figure 7. Temporal evolution of field-aligned currents at
the near-Earth boundary x = 0 for y < 0,z > 0 and three
values of f, (a) maximum and minimum current density Jj,,
and (b) total integrated current of region-1 and region-2 type.

demonstrated by Figure 7. Figure 7a shows the maximum
and minimum values of Jj, at x = 0 obtained for y < 0
with positive values corresponding to region-1 type and neg-
ative values to region-2 type. Figure 7b shows the integrated
currents of region-1 (/) > 0) and region-2 type ({, < 0),
respectively. The peak values of current density show the
dominance of region-2 type currents, but somewhat sur-
prisingly, the integrated currents of the two types almost
balance, particularly at later times and larger values of /. This
is not obvious from Figure 6 except for the late stage of f'= 3;
it is due to the fact that the region-1 type currents surround-
ing the region-2 type currents are more widely spread out.

6. Summary and Discussion

[19] Using three-dimensional ideal MHD simulations, we
have investigated the propagation of entropy-enhanced mag-
netic flux tubes (blobs) in the magnetotail. In analogy to
earthward moving bubbles, the blobs move tailward at
speeds and for distances that depend strongly on the amount
of entropy increase. The distance traveled agrees well with
the expectation from entropy balance with the surrounding
unperturbed medium. However, we note that the imposed
field line tying at the near-Earth boundary prevents the blob
flux tubes from assuming a location where their entropy and
pressure exactly matches the surrounding medium.

[20] The blobs tend to break up into (here) two pieces,
such that a central portion stops at a short distance while
the outer portions travel the expected distance based on the

entropy argument. However, this is not a universal feature;
it apparently depends on the shape of the entropy-enhanced
flux tube. In a comparison run with a blob of initially ellip-
tical cross section in the equatorial plane, the blob also
showed the rotation and folding of its outer parts, but the
two parts stayed closer together, so that the subsequent
propagation was more like that of a united blob.

[21] The tailward flow generates twin vortex motions on
the outside, which not only distort the initial blob bound-
ary but also cause a twisting of the surrounding magnetic
flux tubes and thereby a build-up of field-aligned currents of
region-2 sense (tailward on the dawnside and earthward on
the duskside. These currents map to the earthward boundary
and could possibly provide observable ionospheric signa-
tures, analogous to those of earthward propagating bubbles.
The mechanism for the field-aligned current generation is
illustrated by Figure 8, which provides a perspective view of
field-aligned current density (color) at x = 0 together with
flow vectors and the specific entropy (color) s = p'”/p in
the equatorial plane for a run with /=2 at # = 15. The blue
and red contours in the z = 0 plane are mapped by field lines
from contours jj, = £1.5 at x = 0. Two field lines (heavy
red and blue lines) from the tailward current region illustrate
the twist or shear caused by the flow. The run also contained
an initial cross-tail field component on 1% of the main field,
which causes a slight asymmetry in the field-aligned currents
at x = 0 and the mapped contours at z = 0 but has otherwise
no significant effect on the evolution.

[22] The twisted flux rope carrying the enhanced field-
aligned current at x = 0 does not map to the region
of enhanced vorticity. That is not surprising because the

Figure 8. Perspective view of the connection between a
tailward propagating blob and the buildup of field-aligned
currents at ¢ = 15 for a run with f = 2. The vertical plane
x = 0 shows the magnitude of the x component of Jj, (color)
and the outline of the bubble cross section. The horizontal
plane z = 0 shows the specific entropy s = p'"?/p in color
together with flow vectors and the distorted blob boundary.
The dashed line indicates the initial cross section of the blob
in the equatorial plane. The blue and red contours in thez = 0
plane are mapped by field lines from contours jj, = £1.5 at
x = 0. Two such field lines are indicated by heavy lines.
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Figure A1. Temporal evolution of field-aligned currents at
the near-Earth boundary x = 0 for /= 2 and different reso-
lution in y, (a) maximum and minimum current density J)j;,
and (b) total integrated current of region-1 and region-2 type.

twisting is caused by the history of vortex flow, not by
the instantaneous vorticity. We also note that the enhanced
field-aligned currents at x = 0 are not contained within the
flux rope mapped to the equatorial plane. This is due to the
presence or even dominance of perpendicular currents, such
that field-aligned currents are not conserved by themselves,
except close to Earth where they become the dominant cur-
rents. The mapping of field-aligned currents from Earth
therefore does not necessarily accurately indicate the source
region, even if the magnetic field were known perfectly.

[23] In addition to the dominant region-2 type field-
aligned currents, the simulations show the development of
region-1 type currents on the outside, which are lower in
peak density but almost equal in integrated magnitude. For
strong entropy enhancement and at later times, the field-
aligned currents tend to break up into multiple filaments.

[24] Entropy enriched magnetic flux tubes might be the
consequence of a diffusion/slippage process, violating ideal
MHD, which generates both entropy-depleted (bubbles)
and entropy-enriched flux tubes [Wolf et al., 2009]. How-
ever, in that case, the subsequent treatment by ideal MHD
seems questionable, particularly for the blob, within which
the equatorial magnetic field strength gets further reduced,
a main reason for the break-down of ideal MHD. Thus,
the subsequent evolution might be better modeled by non-
ideal approaches, which lead to reconnection and plasmoid
ejection rather than a blob that remains connected to Earth.

[25] A more justifiable mechanism might be a sud-
den temperature increase, for instance from resonant wave
absorption, which could even take the form of a thermal
catastrophe, as suggested by Smith et al. [1986] and Goertz
and Smith [1989], who proposed this as a substorm onset
mechanism. The tailward motion of the blob and the forma-
tion of the more eminent region-2 type currents, however,
are contrary to the expectations of the thermal catastrophe
model, so that it does not seem a viable substorm onset
model. In any case, the ionospheric connection via region-2
type currents might provide a remote possibility of iden-
tification of blobs, in contrast to disconnected plasmoids,
whether they are related to substorms or not.

Appendix A: Effects of the Grid Resolution

[26] As mentioned above, the number of grid points
and the resolution has no significant effect on the results
demonstrated here. This is demonstrated by Figures A1, A2,
and A3. Figure Al shows the temporal evolution of field-
aligned currents (maximum/minimum and integrated) at the
inner boundary for two values of grid cells 7, in the y direc-
tion. Obviously, the higher resolution does not produce any
significant change. The remainder of the runs therefore were
done with the lower resolution.

[27] Figure A2 shows again the temporal evolution of
field-aligned currents at the inner boundary for different
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Figure A2. Temporal evolution of field-aligned currents at
the near-Earth boundary x = 0 for /= 2, n, = 40, and differ-
ent numbers of grid cells (n,, n,) as indicated: (a) maximum
and minimum current density Jj, and (b) total integrated
current of region-1 and region-2 type.
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Figure A3. Field-aligned currents Jj, (color) at the inner
boundary x = 0 at ¢ = 15 for different resolution in x, y, and
z, as indicated by the numbers of grid cells (n,, ny, n,). The
black contours again outline the cross section of the flux tube
with enhanced entropy.

values of grid cells n, and n,. The effects on the integrated
currents are small. However, the maximum (negative) cur-
rent density of region-2 type, which dominates the current
pattern, increase with increasing resolution in z, whereas the
effect on the more widely distributed region-1 type current
density is small.

[28] Figure A3 further demonstrates that the field-aligned
current pattern at x = 0 is not significantly affected at
t = 15, which is close to the time the current densities and
the integrated currents reach their maximum. At later times,
however, the stopping of the flows and the increasing tur-
bulence cause more highly structured current patterns in the
more highly resolved runs, not shown here.
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